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7KHFRPSDUDWLYHUHVXOWREWDLQHGIURPDERYH(TVLVVKRZQLQ)LJ


)LJ&RPSDUDWLYHVHLVPLFEHQGLQJPRPHQWDVSHUVLPSOLILHGHTXDWLRQV>@
0DWHULDOGDWD
,QRUGHUWRH[DPLQHWKHGHJUHHRIPDWHULDOGHJUDGDWLRQGXULQJ\HDUVVHUYLFHVHYHUDOWHVWEORFNWDNHQIURPWKH
UHWLUHGYHVVHOVZHUHVXEMHFWWRFKHPLFDODQDO\VLVDQGPHFKDQLFDOH[DPLQDWLRQV7KHUHVXOWRIFKHPLFDODQDO\VLVDQG
WHQVLOH WHVW IRU WKH UHDFWRUV DUH VXPPDUL]HG LQ 7DEOH  DQG  UHVSHFWLYHO\ -IDFWRU RI WKH UHWLUHG YHVVHOV YDULHG
EHWZHHQLQFRQWUDVWZLWKFXUUHQWW\SLFDOOHYHORILQQHZYLQWDJH&U0RVWHHO7KHLPSXULW\OHYHOV
WKH-IDFWRUDQG;EDUIRUWKHZHOGGHSRVLWVZHUHVLJQLILFDQWO\KLJKHUWKDQWKRVHRIWKHEDVHSODWHV>@
7DEOH7\SLFDOUHVXOWRIFKHFNDQDO\VLVIRU&U0RUHDFWRUVWHHOVZW>@

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7DEOH7\SLFDOUHVXOWRIWHQVLOHWHVWIRU&U0RIURPUHWLUHGUHDFWRUYHVVHOV>@


,QRUGHU WR GHWHUPLQH WKH GHJUHHRI WHPSHU HPEULWWOHPHQW DVVRFLDWHGZLWK ORQJ WHUP VHUYLFH GHHPEULWWOHPHQW
KHDWWUHDWPHQWDWR&IRUKRXUVZDVFRQGXFWHGRQWKHVHVDPSOHV7\SLFDOUHVXOWVRI9QRWFK&KDUS\LPSDFWWHVW
EHIRUH DQG DIWHU WKH GHHPEULWWOHPHQW KHDW WUHDWPHQW DUH LOOXVWUDWHG LQ )LJ 'HJUDGHG LPSDFW WRXJKQHVV GXH WR
WHPSHU HPEULWWOHPHQW ZHUH GHWHFWHG RQO\ RQ WKH ZHOG GHSRVLWV ZKLOH QR VLJQLILFDQW WHPSHU HPEULWWOHPHQW ZDV
REVHUYHGLQWKHEDVHSODWHV>@

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)LJ7\SLFDOGHJUHHRIWHPSHUHPEULWWOHPHQWREVHUYHGLQEDVHSODWHDQGZHOGGHSRVLWPDWHULDOV>@
,QRUGHUWRVWXG\WKHSRVVLELOLW\RIK\GURJHQDVVLVWHGFUDFNJURZWKLQWKHUHDFWRUVVHYHUDOFRQVWDQWGLVSODFHPHQW
WHVWVZHUHSHUIRUPHGXVLQJFRPSDFW7&7 W\SH WHQVLRQ VSHFLPHQV IRUERWKRI WKHEDVHSODWH DQG WKHJLUWKZHOG
GHSRVLWV7KH7&7VSHFLPHQVZLWKVLGHJURRYHVZHUHIDWLJXHSUHFUDFNHGWKHQVXEMHFWWR1LSODWLQJWRUHWDUGWKH
GLIIXVLQJRXWRIK\GURJHQGXULQJWKHVKRUWWLPHFRQVWDQWGLVSODFHPHQWWHVW7RVLPXODWHWKHFRQGLWLRQRIVWHDG\VWDWH
RSHUDWLRQ WKH &7 VSHFLPHQVZHUH H[SRVHG LQ DQ DXWRFODYH WR KLJK WHPSHUDWXUH DQG KLJK SUHVVXUH K\GURJHQ IRU
KRXUVUDSLGO\FRROHGGRZQWRURRPWHPSHUDWXUHDQGWKHQVXEMHFWHGWRWKHFRQVWDQWGLVSODFHPHQWWHVWIRUKRXUV
7KH VWUHVV LQWHQVLW\ IDFWRU KI0 RI 03D¥P ZDV LQLWLDOO\ DSSOLHG IRU HDFK VSHFLPHQ DQG WKHQ ORDG OLQH
GLVSODFHPHQWZDVKHOGWREHFRQVWDQW'XULQJWKHWHVWSHULRGRIKRXUVORDGGURSGXHWRWKHFUDFNH[WHQVLRQZDV
FRQWLQXRXVO\PRQLWRUHGWKURXJKORDGFHOO$IWHUWKHWHVWVSHFLPHQZDVDUWLILFLDOO\EURNHQLQOLTXLGQLWURJHQDQGVL]H
RIWKHH[WHQGHGFUDFNIURPSUHFUDFNIURQWZDVPHDVXUHGXVLQJ6(0>@
5HVXOWV REWDLQHG E\ WKH FRQVWDQW GLVSODFHPHQW WHVW DUH VXPPDUL]HG LQ )LJ )RU WKH EDVH SODWH QR FUDFN
H[WHQVLRQV FRXOG EH GHWHFWHG LQ VSLWH RI WKH IDFW WKDW K\GURJHQ FRQFHQWUDWLRQV ZHUH XS WR SSP 7KH KLJKHU
UHVLVWDQFHWRK\GURJHQDVVLVWHGFUDFNJURZWKLVGXHWRWKHIDFWWKDWWKHKDUGQHVVYDOXHRIWKHEDVHSODWHLVVXIILFLHQW
ORZ 7KH H[SHULPHQWDO WHVW UHVXOW REWDLQHG LQ WKH EDVH SODWH VSHFLPHQV FDQ H[SODLQZK\ DOO RI WKH LQQHU VXUIDFH
FUDFNVLQWKH7\SHVWDLQOHVVVWHHOZHOGRYHUOD\WHUPLQDWHGDWWKHLQWHUIDFHVEHWZHHQWKHZHOGRYHUOD\DQG
WKH EDVH SODWH+RZHYHU WKHUHZDV D VKDUS FRQWUDVW IRUZHOG GHSRVLW VSHFLPHQVZKHUH FUDFNJURZWKZDV FOHDUO\
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REVHUYHGLQ WKHK\GURJHQFRQFHQWUDWLRQUDQJHRI WRSSP7KHPRUSKRORJLHVRIFUDFNVXUIDFHVREVHUYHGLQ WKH
ZHOGGHSRVLWVSHFLPHQVXVLQJ6(0ZHUHFORVHO\UHODWHGWRWKHPRUSKRORJLHVRIWKHDFWXDOH[WHQGHGFUDFNVREVHUYHG
LQWKHUHDFWRUJLUWKZHOGVHDP7KHVHH[SHULPHQWDOWHVWUHVXOWVVLPXODWLQJDK\GURJHQDVVLVWHGFUDFNJURZWKVXSSRUW
WKHWKHRU\WKDWWKHVWHSOLNHFUDFNVLQWKHJLUWKZHOGPHQWVZHUHH[WHQGHGIURPWKHVKDUSWLSRIRULJLQDOKRWWHDUFUDFN
WKURXJKDPHFKDQLVPRIK\GURJHQHPEULWWOHPHQW>@


)LJ+\GURJHQDVVLVWHGFUDFNJURZWKLQK\GURJHQFKDUJHG7&7VSHFLPHQVWDNHQIURPUHWLUHGYHVVHO>@
&KDUDFWHUL]DWLRQRIGHIHFW
,QWKHUHDFWRUVWKHUHZHUHWZRW\SHVRILQGLFDWLRQVWKDWZHUHRIFRQFHUQ7KHVHZHUH37LQGLFDWLRQVDWWKHZHOG
RYHUOD\VXUIDFHDVVKRZQLQSDUDJUDSKDQG87LQGLFDWLRQLQWKHUHDFWRUJLUWKVHDPDVVKRZQLQSDUDJUDSK
>@
Weld Overlay Cracking >@
)LJXUH LOOXVWUDWHV WKH W\SLFDOVWDLQOHVVZHOGRYHUOD\VXUIDFHFUDFNLQJZLWKDPD[LPXPOHQJWKRIPPDQGD
PD[LPXPGHSWKRIPPREVHUYHGDWFURVVVHFWLRQRIWUD\VXSSRUWULQJDWWDFKPHQWDUHDRIWKHUHDFWRU>@$OORIWKH
FUDFNV ZHUH JHQHUDWHG WKURXJK WKH GRXEOHOD\HU ZHOG RYHUOD\ DORQJ GHQGULWLF FROXPQDU JUDLQ ERXQGDULHV DQG
SHUIHFWO\WHUPLQDWHGDWWKHLQWHUIDFHEHWZHHQDXVWHQLWLFZHOGVDQG&U0REDVHSODWH$WWKHFUDFNIURQWLQWKH
EDVHSODWHVPDOOVL]HGFRUURVLRQSLWVILOOHGZLWKFRUURVLRQSURGXFWVLGHQWLILHGPDLQO\DV)H6ZHUHREVHUYHG>@,W
ZDVUHSRUWHGWKDWUHVXOWVRIFKHFNDQDO\VLVDQGPHWDOOXUJLFDOH[DPLQDWLRQUHYHDOHGQRGHOWDIHUULWHRUVLJPDSKDVHVLQ
WKHILUVWOD\HUDQGVHFRQGOD\HUZHOGRYHUOD\V+HQFHLWZDVFRQFOXGHGWKDWWKHH[DFWFDXVHRIWKHODUJHQXPEHURI
ZHOGRYHUOD\FUDFNLQJLVDWWULEXWHGPDLQO\WRKRWFUDFNLQJGXHWRWKHIXOO\DXVWHQLWLFVWUXFWXUHGXULQJIDEULFDWLRQ>@
7KHVXPPHU\RIGHWHFWLRQUHVXOWRIZHOGRYHUOD\FUDFNLQJLQWKHWUD\VXSSRUWULQJDWWDFKPHQWDUHDFURVVVHFWLRQLVDV
IROORZV
x &RPSRQHQWJHRPHWU\&UDFNVLQZHOGRYHUOD\HGSODWH
x &UDFNJHRPHWU\*HQHUDOVROXWLRQ
x 'HWHFWHGFUDFNVL]H0D[PPGHSWKDQG0D[PPOHQJWK
x &UDFNORDGLQJ0HFKDQLFDO ORDGFRQGLWLRQGXHWR WKHGLIIHUHQFHRIHODVWLFPRGXOXVDQGWKHUPDO ORDGFRQGLWLRQ
GXHWRWKHGLIIHUHQFHRIWKHUPDOH[SDQVLRQFRHIILFLHQWEHWZHHQWKHZHOGRYHUOD\DQGEDVHPDWHULDO
x &DXVHRIGHJUDGDWLRQ&RUURVLRQ7KHUHZHUHFRUURVLRQSURGXFWVDWWKHWLSRIFUDFNVGXHWRSURFHVVIOXLG>@
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x &DXVHRIFUDFNJURZWK1RQH&UDFNVSHUIHFWO\WHUPLQDWHGDWWKHLQWHUIDFHEHWZHHQDXVWHQLWLFZHOGVDQG&U
0REDVHSODWH
4.2. Flaw in 21/4Cr-1Mo Steel Girth Weldment >@ 
)LJXUH  LOOXVWUDWHV WKH W\SLFDO HWFKHG VWUXFWXUH RI D FLUFXPIHUHQWLDO JLUWK ZHOG FRQWDLQLQJ WKH IODZ ZLWK D
SURORQJHG OHQJWK RI PP SDUDOOHO WR WKH ZHOG GLUHFWLRQ DQG D PD[LPXP KHLJKW RI PP HPEHGGHG IURP WKH
LQWHUQDO VXUIDFH DW PP GHSWK 7KLV IODZ ZDV GHWHFWHG DQG VL]HG E\ ILHOG XOWUDVRQLF H[DPLQDWLRQV $ KLJKHU
PDJQLILFDWLRQSKRWRPRQWDJHRIWKHFUDFNLVVKRZQLQ)LJ>@$W\SLFDOIHDWXUHRIKRWFUDFNLQJGXULQJWKHZHOGLQJ
SURFHVVZDVREVHUYHGDWWKHGHIHFW¶VRULJLQ7KHGHIHFWDSSHDUVWRLQLWLDWHE\JUDLQERXQGDU\KRWWHDULQJZLWKPDQ\
0Q6LQFOXVLRQV7KHVHIHDWXUHVFOHDUO\LQGLFDWHWKDWWKHRULJLQRIWKHGHIHFWLVKRWFUDFNLQJGXULQJZHOGLQJ+RZHYHU
WRWDOO\GLIIHUHQWIHDWXUHVRIFUDFNVXUIDFHVDUHREVHUYHGLQWKHVWHSOLNHFUDFNH[WHQVLRQ7KHVWHSOLNHFUDFNLQWKH
ZHOGPHQWVSURSDJDWLQJWKURXJKWKHFROXPQDUZHOGGHSRVLWLQGLFDWHVK\GURJHQDVVLVWHGFUDFNJURZWK,WLVEHOLHYHG
WKDWHDFKVWHSREVHUYHGLQWKHH[WHQGHGFUDFNFRUUHVSRQGVWRDVKXWGRZQF\FOHWKDWWKHUHDFWRUKDVXQGHUJRQHGXULQJ
\HDUVVHUYLFH>@7KHVXPPHU\RIGHWHFWLRQUHVXOWRIIODZLQ&U0RVWHHOJLUWKZHOGPHQWLVDVIROORZV
x &RPSRQHQWJHRPHWU\*LUWKZHOG&\OLQGHU
x &UDFNJHRPHWU\(PEHGGHGFUDFNFLUFXPIHUHQWLDOGLUHFWLRQ
x 'HWHFWHG FUDFN VL]H  0D[PP GHSWK LQ WKLFNQHVV GLUHFWLRQ DQG0D[PP OHQJWK LQ JLUWK ZHOG GLUHFWLRQ
ORFDWHGDWPPGHSWKIURPLQWHUQDOVXUIDFH
x &UDFNORDGLQJ,QWHUQDOSUHVVXUHORDGLQJ'HVLJQVHLVPLFEHQGLQJPRPHQWDQG:HOGUHVLGXDOVWUHVV
x &DXVHRIGHJUDGDWLRQ7HPSHUHPEULWWOHPHQWDQG+\GURJHQHPEULWWOHPHQW
x &DXVHRIFUDFNJURZWK+\GURJHQDVVLVWHGFUDFNJURZWK


)LJ7UD\VXSSRUWULQJDWWDFKPHQWDUHDFURVVVHFWLRQRIZHOGRYHUOD\FUDFNLQJ>@

)LJ7\SLFDOHWFKHGVWUXFWXUHRIJLUWKZHOGPHQWFRQWDLQLQJDIODZ>@
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)LJ3KRWRPRQWDJHRIIODZREVHUYHGLQJLUWKZHOGPHQW>@
0RGHOLQJRIFUDFNOLNHIODZ
7KHVHFUDFNOLNHIODZVDUHPRGHOHGE\FRQYHUWLQJWRHOOLSWLFDOVKDSHFUDFNVVKRZQDVIROORZV
Weld Overlay Cracking >@
x 6XUIDFHFUDFNLQWKLFNQHVVRIPP6HPLHOOLSWLFDOVKDSH
x ae &UDFNGHSWKae PP
$OORZDEOHIODZGHSWK PPGHULYHGE\/HYHO$VVHVVPHQW6FUHHQLQJ&XUYH>@
x le &UDFNOHQJWKle 2ce PP
x ae/le $VSHFWUDWLRae/le 
7KLVZHOGRYHUOD\FODGGLQJLVMXGJHGWREHDFFHSWDEOHSHU/HYHO6FUHHQLQJ&ULWHULDDQGLWLVQRWFRQVLGHUHGWKDW
WKHUHLVWKHSRWHQWLDOIRULWWRSURSDJDWHWRWKHEDVHSODWHE\K\GURJHQDVVLVWHGFUDFNJURZWKLQVHUYLFHZKHUHWKDWLV
MXGJHGE\ WKHFULWHULRQRIKI  03DĜPKIH  03D7KHQ LW LVSRVVLEOH WR UHWXUQ WR VHUYLFH LQ WKH
FRQGLWLRQRIMPT!MAT R&ZLWKRXWWKHDSSURSULDWHUHSDLURILWDQGRUUHPHGLDWHRUUHSODFHRIWKHFRPSRQHQW
FRQWDLQLQJLW>@
Flaw in 21/4Cr-1Mo Steel Girth Weldment >@
x &\OLQGHU±(PEHGGHGFUDFN&LUFXPIHUHQWLDOGLUHFWLRQ(OOLSWLFDOVKDSH
x 2ae &UDFNGHSWK2ae PP
$OORZDEOHIODZGHSWK PPGHULYHGE\/HYHO$VVHVVPHQW6FUHHQLQJ&XUYH>@
x le &UDFNOHQJWKle 2ce PP
7KHIODZLQ&U0RVWHHOJLUWKZHOGPHQWLVMXGJHGWREHXQDFFHSWDEOHSHU/HYHO6FUHHQLQJ&ULWHULDWKHQLW
LVQHFHVVDU\WRSHUIRUP/HYHODVVHVVPHQWWRPDNHWKHGHFLVLRQWRUHSDLUZHOGLQJDQGRUUHUDWLQJGHSHQGHQWRQWKH
SUHVHQWLQWHJULW\RIDERYH&U0RVWHHOJLUWKZHOGPHQWFRQWDLQLQJWKHIODZJLYHQDFXUUHQWVWDWHRIGDPDJHDQG
WKH SURMHFWHG UHPDLQLQJ OLIH ZKHUH WKHVH DVVHVVPHQW SURFHGXUHV DUH EDVHG RQ WKH )DLOXUH $VVHVVPHQW 'LDJUDP
)$'PHWKRG,IWKHUHVXOWVRI/HYHODVVHVVPHQWLQGLFDWHWKDWWKLVUHDFWRULVQRWVXLWDEOHIRUWKHFXUUHQWRSHUDWLQJ
FRQGLWLRQV WKH UHSDLUZHOGLQJRU UHSODFH LV UHTXLUHG H[FHSW WKDW D UHGXFHGPD[LPXPDOORZDEOHZRUNLQJSUHVVXUH
DQGRUFRLQFLGHQWWHPSHUDWXUHWRUHUDWHWKHGHVLJQFRQGLWLRQVRILWLVIRXQG>@7KH/HYHODVVHVVPHQWSHUIRUPHG
IRU WKLV IODZ LQ &U0R VWHHO JLUWKZHOGPHQW LV DV IROORZV FRQWDLQLQJ WKH GHWHUPLQDWLRQ RI VWUHVV GLVWULEXWLRQ
QRUPDO WR FUDFN IDFH UHIHUHQFH VWUHVV DQG VWUHVV LQWHQVLW\ IDFWRU WKH HVWLPDWH RIPDWHULDO IUDFWXUH WRXJKQHVV DQG
)$'DQDO\VLV
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'HWHUPLQDWLRQRIVWUHVVGLVWULEXWLRQ
7KHGHVLJQLQWHUQDOSUHVVXUHORDGLQJDQGVHLVPLFEHQGLQJPRPHQWORDGLQJFRQGLWLRQVDVSULPDU\VWUHVVDQGWKH
UHVLGXDO VWUHVV IRU FLUFXPIHUHQWLDO ZHOG LQ F\OLQGULFDO VKHOO DV VHFRQGDU\ VWUHVV DUH FRQVLGHUHG UHVSHFWLYHO\ WR
GHWHUPLQHWKHVWUHVVGLVWULEXWLRQQRUPDOWRWKHFUDFNIDFHPRGHOHGE\DERYHSURFHGXUH
7KHPHULGLRQDOPHPEUDQHVWUHVVımDQGWKHJOREDOEHQGLQJVWUHVVıgbGXHWREHQGLQJPRPHQWMLQF\OLQGHUDUH
SURYLGHGDVIROORZVUHVSHFWLYHO\>@
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ZKHUHpLVLQWHUQDOSUHVVXUHRoLVRXWVLGHUDGLXVRIF\OLQGHURiLVLQVLGHUDGLXVRIF\OLQGHUDQGFLVQHWVHFWLRQD[LDO
IRUFHDFWLQJRQF\OLQGHU
7RGHULYH WKH VWUHVV LQWHQVLW\ IDFWRU WKH VWUHVVGLVWULEXWLRQ QRUPDO WR WKH FUDFN IDFH GXH WR WKHGHVLJQ VHLVPLF
PRPHQWORDGLQJLVFRQVLGHUHGWREHDFWLQJRQWKHWKLFNQHVVGLUHFWLRQUHSUHVHQWHGE\(TDVFRQWUDVWHGZLWKWKH
DFWLRQRIWKHFRQVWDQWPHPEUDQHVWUHVVGLVWULEXWLRQGXHWRWKHGHVLJQLQWHUQDOSUHVVXUHORDGLQJ,WLVWUDQVIRUPHGWR
WKHWKLUGRUGHUSRO\QRPLDOVWUHVVGLVWULEXWLRQE\FXUYHILWWLQJUHSUHVHQWHGE\(T7KHQWKHPHPEUDQHımDQG
EHQGLQJıbVWUHVVGLVWULEXWLRQGXHWRWKHGHVLJQVHLVPLFPRPHQWGHULYHGE\(TDUHUHSUHVHQWHGE\(TDQG
(TUHVSHFWLYHO\
   i
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I
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x x xx
t t t
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  
 
   m
VV VV V      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
  
  b
VV VV       
ZKHUH x LV UDGLDO ORFDO FRRUGLQDWH RULJLQDWLQJ DW WKH LQWHUQDO VXUIDFH 0̰x̰Ro-Ri  I LV JHRPHWULFDO PRPHQW RI
LQHUWLDI = ʌ(Ro4-Ri4)/4
7KHUHVLGXDOVWUHVVGLVWULEXWLRQGXHWRWKHFLUFXPIHUHQWLDOZHOGVLQF\OLQGULFDOVKHOOLVSURYLGHGDVVKRZQLQ)LJ
>@,WLVVKRZQWKDWWKHYHUWLFDOD[LVLVPDJQLWXGHSHUSHQGLFXODUWRZHOGVDQGKRUL]RQWDOD[LVLVH[WHQWRIWKHUHVLGXDO
VWUHVVHVDWWKHZHOGHGMRLQW
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)LJ5HVLGXDOVWUHVVGLVWULEXWLRQIRUFLUFXPIHUHQWLDOZHOGVLQF\OLQGULFDOVKHOO6WUHVVGLVWULEXWLRQSHUSHQGLFXODUWRZHOG>@
'HWHUPLQDWLRQRIUHIHUHQFHVWUHVV
7KH UHIHUHQFH VWUHVV VROXWLRQ UHSUHVHQWHGE\ WKH IROORZLQJHTV IRU F\OLQGHU  HPEHGGHGFUDFN FLUFXPIHUHQWLDO
GLUHFWLRQHOOLSWLFDOVKDSHLQWHUQDOSUHVVXUHZLWKQHWVHFWLRQD[LDOIRUFHDQGEHQGLQJPRPHQWLVDSSOLHGWRWKHVWUHVV
GLVWULEXWLRQVGHULYHGE\WKHGHVLJQLQWHUQDOSUHVVXUHORDGLQJDQGVHLVPLFEHQGLQJPRPHQWORDGLQJDQGWKHUHVLGXDO
VWUHVVGLVWULEXWLRQIRUFLUFXPIHUHQWLDOZHOGVLQF\OLQGULFDOVKHOOLQDERYHFDOFXODWLRQVIRUWKHIODZLQ&U0RVWHHO
JLUWKZHOGPHQWUHVSHFWLYHO\>@7KHUHVXOWVRIUHIHUHQFHVWUHVVFDOFXODWLRQVDUHVKRZQLQ7DEOH
ref m _ c m b _ c gbA AV V V    
ZKHUHSURYLGHGE\WKHIROORZLQJSDUDPHWHUV
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7DEOH5HVXOWVRIUHIHUHQFHVWUHVVFDOFXODWLRQV>@

'HWHUPLQDWLRQRIVWUHVVLQWHQVLW\IDFWRU
7KHVWUHVVLQWHQVLW\IDFWRUVROXWLRQUHSUHVHQWHGE\WKHIROORZLQJHTVIRUSODWHHPEHGGHGFUDFNHOOLSWLFDOVKDSH
WKURXJKZDOO PHPEUDQH DQG EHQGLQJ VWUHVV LV DSSOLHG WR WKH VWUHVV GLVWULEXWLRQV GHULYHG E\ WKH GHVLJQ LQWHUQDO
SUHVVXUHORDGLQJDQGVHLVPLFEHQGLQJPRPHQWORDGLQJDQGWKHUHVLGXDOVWUHVVGLVWULEXWLRQIRUFLUFXPIHUHQWLDOZHOGV
LQ F\OLQGULFDO VKHOO LQ DERYH FDOFXODWLRQV IRU WKH IODZ LQ &U0R VWHHO JLUWKZHOGPHQW UHVSHFWLYHO\ >@ 7KH
UHVXOWVRIVWUHVVLQWHQVLW\IDFWRUFDOFXODWLRQVDUHVKRZQLQ7DEOH
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
7KH ORFDO PHPEUDQH DQG EHQGLQJ VWUHVV FRPSRQHQWV DFWLQJ RQ WKH FUDFN IDFH DUH JLYHQ E\ WKH IROORZLQJ HTV
UHVSHFWLYHO\
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7KHPHPEUDQHDQGEHQGLQJFRUUHFWLRQIDFWRULVJLYHQE\WKHIROORZLQJHTVUHVSHFWLYHO\
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7KHIODZVKDSHSDUDPHWHUQDQGSODVWLF]RQHFRUUHFWLRQIDFWRUqyDUHGHILQHGE\WKHIROORZLQJHTVUHVSHFWLYHO\
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ZKHUHSURYLGHGE\WKHIROORZLQJSDUDPHWHUV
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7DEOH5HVXOWVRIVWUHVVLQWHQVLW\IDFWRUFDOFXODWLRQV>@

(VWLPDWHRIPDWHULDOIUDFWXUHWRXJKQHVV
$VVKRZQLQ7DEOHWKH-IDFWRUVJTEGHULYHGE\WKHFKHPLFDODQDO\VLVRIVSHFLPHQVWDNHQIURPWKHZHOGPHQWV
LQ UHWLUHG UHDFWRU DUH JTE   ̚ ,W LV UHSRUWHG WKDW WKH PDWHULDO IUDFWXUH WRXJKQHVV PHDVXUHG LQ WKH QRQ
K\GURJHQFKDUJLQJHQYLURQPHQWKICLVSUHGLFWHGWREHERXW03D¥PDQGWKHPDWHULDOIUDFWXUHWRXJKQHVVPHDVXUHG
LQWKHK\GURJHQFKDUJLQJHQYLURQPHQWKIC-HLVSUHGLFWHGWREH03D¥PIRUWKH&U0RVWHHOZLWK TEJ # >@
7KHQWKHYDOXHRIWKHPDWHULDOIUDFWXUHWRXJKQHVVXVHGLQWKHDVVHVVPHQWKmatLVJLYHQDVIROORZV
mat IC HK K MPa m #   
ZKHUH-IDFWRUVJTEDQG[EDUDUHJLYHQE\(TVDQGUHVSHFWLYHO\>@
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)DLOXUH$VVHVVPHQW'LDJUDP)$'DQDO\VLV
7KHDFFHSWDELOLW\RIFUDFNOLNHIODZ LVGHWHUPLQHGE\ WKHIDLOXUHDVVHVVPHQWGLDJUDP)$'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IROORZV>@
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ZKHUH(TLVGHULYHGE\VXEVWLWXWLQJWKHVWUHVVLQWHQVLW\IDFWRUK = ı(ʌa)1/2WKHPDWHULDOIUDFWXUHWRXJKQHVV
KIC = Eı0įC WKHFULWLFDOFUDFNRSHQLQJGLVSODFHPHQWį = įCDQGWKHUHIHUHQFHVWUHVVı = ırefWR(T
7KH ORDG UDWLRLr LV GHILQHGE\ WKH UHIHUHQFH VWUHVV GHULYHG IRU SULPDU\ ORDGLQJ LQ DERYHSDUDJUDSK XVLQJ WKH
VDIHW\IDFWRURIXs = 1.5IRUWKH\LHOGVWUHQJWKSURYLGLQJSODVWLFFROODSVHOLPLWDVUHSUHVHQWHGE\HTVDQG>@

P
ref
rL
V
V
   

min
ys
sX
V
V    
ZKHUH minysV LVPLQLPXPVSHFLILHG\LHOGVWUHQJWK
7KH WRXJKQHVV UDWLRKr LV GHILQHG E\ WKH VWUHVV LQWHQVLW\ IDFWRUV GHULYHG IRU SULPDU\ DQG VHFRQGDU\ ORDGLQJ
UHVSHFWLYHO\LQDERYHSDUDJUDSKXVLQJWKHVDIHW\IDFWRURIXk = 1.5IRUWKHFDOFXODWLRQRIVWUHVVLQWHQVLW\IDFWRUGXHWR
SULPDU\VWUHVVWDNLQJYHUVDWLOLW\DQGFRQVHUYDWLYHVROXWLRQLQWRFRQVLGHUDWLRQ>@
P S
k I I
r
mat
X K KK
K
\    
ZKHUHKmat = KIC-HDQGȥLVSODVWLFLW\LQWHUDFWLRQIDFWRU
7KHDVVHVVPHQWSRLQWFDOFXODWHGDVSHU(TVWKURXJKLVGHILQHGDV(Lr , Kr)DQGSORWWHGRQWKH)$'7KH
)$'DVVHVVPHQWSRLQWGHULYHGIRUWKHIODZLQ&U0RVWHHOJLUWKZHOGPHQWLVVKRZQLQ7DEOHDQG)LJ$V
VKRZQLQ)LJWKHDVVHVVPHQWUHVXOWVDVSHU/HYHOVKRZVWKDWWKH)$'DVVHVVPHQWSRLQWLVRQWKHXQDFFHSWDEOH
UHJLRQWKHQLWUHTXLUHVWKHUHSDLUDQGRUUHPHGLDWHRUWKHUHSODFHRIFRPSRQHQW
7DEOH&DOFXODWHG)$'DVVHVVPHQWSRLQWIRUWKHIODZLQ&U0RVWHHOJLUWKZHOGPHQW>@


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
)LJ$VVHVVPHQWUHVXOWVXVLQJ)$'IRUWKHIODZLQ&U0RVWHHOJLUWKZHOGPHQW>@
3URSRVHG)LWQHVV)RU6HUYLFHDVVHVVPHQWSURFHGXUHRI&U0RVWHHOKHDY\ZDOOK\GURSURFHVVLQJ
UHDFWRUV
6LQFH KHDY\ZDOO K\GURSURFHVVLQJ UHDFWRUV LQ SHWUROHXP UHILQHULHV RSHUDWH LQ KLJK WHPSHUDWXUH KLJK SUHVVXUH
K\GURJHQVHUYLFHK\GURJHQGLVVROYHVIURPWKHZDOOVXUIDFHDQGDWVKXWGRZQ7KRVHDEVRUEHGK\GURJHQFDQFDXVH
VXEFULWLFDO FUDFN H[WHQVLRQZKHUH WKH VXEVWDQWLDO K\GURJHQ FRQFHQWUDWLRQ LV UHWDLQHG IRU ORQJHU SHULRG HYHQ DIWHU
VKXWGRZQGXHWRWKHVORZPLJUDWLRQDQGGLIIXVLQJRXWSURFHVVRIWKRVHLQWKLFNZDOO)XUWKHUPRUHLWLVDVVXPHGWKDW
WKHLQFUHDVHGVXVFHSWLELOLW\WRK\GURJHQDVVLVWHGFUDFNLQJLVFRQVLGHUHGZKHQWKHVWHHOLVWHPSHUHPEULWWOHGGXHWR
WKHKLJKWHPSHUDWXUHH[SRVXUHDIWHUORQJWHUPVHUYLFH7KHUHIRUHLWLVRIJUHDWLQWHUHVWWRNQRZWKHORVVRIWRXJKQHVV
DQG FUDFNLQJ EHKDYLRU E\ LQWHUQDO UHYHUVLEOH K\GURJHQ HPEULWWOHPHQW PHFKDQLVP ,+( LQ RUGHU WR GHILQH WKH
UHPDLQLQJ OLIH RSHUDWLQJ SURFHGXUH DQG VWDUWXSVKXWGRZQ PDQDJHPHQW 7KH JHQHUDO IORZFKDUW IRU )LWQHVV)RU
6HUYLFHDVVHVVPHQWRI&U0RVWHHOKHDY\ZDOOK\GURSURFHVVLQJUHDFWRUVLVJLYHQLQ)LJ>@7KLVHYDOXDWLRQ
FRQVLVWVRIWKHIROORZLQJSURFHGXUH

 -XGJHWKHSUREDELOLW\RIFUDFNSURSDJDWLRQIURPWKHSUHGLFWLRQRI WKUHVKROGIUDFWXUH WRXJKQHVVYDOXHIRUD
K\GURJHQHQYLURQPHQWKIHDQGWKHFDOFXODWLRQRIVWUHVVLQWHQVLW\IDFWRUKIIRUWKHFUDFNOLNHIODZGHWHFWHG
E\1'(
 (VWLPDWH WKH PDWHULDO IUDFWXUH WRXJKQHVV PHDVXUHG LQ WKH K\GURJHQ FKDUJLQJ HQYLURQPHQW KIC-H DQG
GHWHUPLQH WKH DGHTXDF\ IRU WKH FXUUHQW RSHUDWLQJ FRQGLWLRQV LQFOXGLQJ WKH VWDUW XSVKXWGRZQ SURFHGXUH
DSSO\LQJ)$'
 (VWLPDWH WKHK\GURJHQDVVLVWHGFUDFNJURZWKUDWHPRGHODQGSHUIRUPWKH LQVHUYLFHFUDFNJURZWKDQDO\VLV
IRUWKHUHSUHVHQWDWLYHORDGKLVWRJUDPIRUFRQWLQXHGRSHUDWLRQ
 &RQWLQXH WR LQFUHPHQW WKH FUDFN VL]HE\ WKHQXPHULFDO LQWHJUDWLRQRI DERYH FUDFNJURZWK UDWHPRGHO DQG
SHUIRUP)$'DQDO\VLVWRGHILQHWKHOLPLWLQJFUDFNVL]H
 'HWHUPLQH WKH SHULRG WR UHDFK DERYH OLPLWLQJ FUDFN VL]H DV UHPDLQLQJ OLIH RI WKH UHDFWRU IRU FRQWLQXHG
RSHUDWLRQ

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,Q WKLV VWXG\ WKH HIIHFW RI DEVRUEHG K\GURJHQ LQ VWHHO RQ WRXJKQHVV GHJUDGDWLRQ LV HYDOXDWHG E\ K\GURJHQ
FKDUJLQJ WKH ODUJH 7&7 VSHFLPHQ LQ KLJK SUHVVXUH KLJK WHPSHUDWXUH DXWRFODYH WR UHSURGXFH WKH K\GURJHQ
HPEULWWOHPHQWRI WKLFNZDOOUHDFWRUDWVKXWGRZQ7KHK\GURJHQGLVWULEXWLRQ LQVLGHRI WKHVSHFLPHQZDVFRQILUPHG
DOPRVWXQLIRUPZLWKDURXQGSSPFRQFHQWUDWLRQMXVWDIWHUFKDUJLQJWKHVSHFLPHQDQGWKHUHPDLQHGK\GURJHQLQWKH
VSHFLPHQZDVIRXQGDURXQGSSPHYHQDIWHUZHHNH[SRVXUHLQDPELHQWDLU8VLQJWKRVHK\GURJHQFKDUJHG7
&7VSHFLPHQVORQJWHUPFUDFNJURZWKEHKDYLRULQDPELHQWDLUZHUHH[DPLQHGRQWHPHUHPEULWWOHGROGJHQHUDWLRQ
&U0RVWHHO ¶V VWHHOZLWK VRPHTXDQWLW\RI WUDPSHOHPHQWVDQG OHVV WHPSHUHPEULWWOHG UHFHQWJHQHUDWLRQ
RQHUHFHQWVWHHOZLWKOHVVTXDQWLW\RIWUDPSHOHPHQWV$VUHVXOWZKHQK\GURJHQLVLQWURGXFHGLQWKH¶VVWHHOWKH
VXVFHSWLELOLW\WRIDVWIUDFWXUHVLJQLILFDQWO\LQFUHDVHVZLWKKLJKHUFUDFNJURZWKUDWHZKLOHWKHQRQK\GURJHQFKDUJHG
RQHVKRZHGGXFWLOHIUDFWXUHZLWKXSSHUVKHOIIUDFWXUHWRXJKQHVVFKDUDFWHULVWLF2QWKHRWKHUKDQGK\GURJHQFKDUJHG
UHFHQWVWHHOGLGQRWH[KLELWIDVW IUDFWXUHEXWVKRZHGVXEFULWLFDOVORZFUDFNJURZWK0RUHRYHU LW LVIRXQG WKDW WKH
FUDFNJURZWKUDWHKDVDVWURQJGHSHQGHQFHRQORDGLQJUDWHRQERWKVWHHOVZKLFKFDQEHGHVFULEHGLQWKHIRUPRIK
DQGdK/dtIRUPXOD$OVRKLJKWHPSHUDWXUHWHVWVZHUHFRQGXFWHGDQGUHVXOWVLQGLFDWHGWKDWK\GURJHQHPEULWWOHPHQW
SKHQRPHQD GLVDSSHDUHG ZLWK LQFUHDVHG WHPSHUDWXUH  R& HYHQ KLJK K\GURJHQ FRQFHQWUDWLRQ ̚SSP
GHWHFWHGLQWKHVSHFLPHQDIWHUVORZULVLQJORDGWHVWV>@


)LJ3URSRVHG)LWQHVV)RU6HUYLFHDVVHVVPHQWIORZRI¶V&U0RVWHHOKHDY\ZDOOK\GURSURFHVVLQJUHDFWRUV>@
0DWHULDOSURSHUWLHVIRUSURSRVHG)LWQHVV)RU6HUYLFHDVVHVVPHQWSURFHGXUHRI&U0RVWHHOKHDY\
ZDOOK\GURSURFHVVLQJUHDFWRUV
0DWHULDO SURSHUWLHV LQ WKLV VWXG\ DUH OLVWHG LQ7DEOH DQG7DEOH7KH WZR VWHHOV VHOHFWHG IRU WHVWLQJ DUH IXOO
EDLQLWLF TXHQFKHG DQG WHPSHUHG &U0R VWHHOV RQH UHSUHVHQWLQJ WRGD\¶V VWHHO PDNLQJ SUDFWLFH GHILQHG DV
³UHFHQWVWHHO´LQWKHUHVWRIWKLVVWXG\DQGWKHRWKHUUHSUHVHQWLQJ¶VVWHHOPDNLQJSUDFWLFHGHILQHGDV³¶VVWHHO´
LQ WKHUHVWRI WKLVVWXG\7KHUHFHQWVWHHOZDVPDGHE\UHFHQWVWHHOPDNLQJSUDFWLFHZLWKKLJKSXULW\ OHVV WHPSHU
HPEULWWOHPHQWVXVFHSWLELOLW\7KH¶VVWHHOZDVSURGXFHGWRVLPXODWH¶VVWHHOPDNLQJSUDFWLFHE\LQWHQWLRQDOO\
DGGLQJLPSXULW\HOHPHQWVVXFKDV6L3DQG6QWRWKHOHYHOVLPLODUWRWKH¶VVWHHOPDNLQJSUDFWLFHZKLFKZDV
VXEMHFW WRVHYHUH WHPSHUHPEULWWOHPHQW7KHKHDWVZHUHVXEMHFWHG WRTXHQFKLQJ WHPSHULQJ IROORZHGE\SRVWZHOG
KHDWWUHDWPHQWIRUKRXUVDQGVXEVHTXHQWVWHSFRROLQJKHDWWUHDWPHQW>@
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7KH WHQWDWLYH GUDZLQJV RI WKH WHPSHUDWXUH GHSHQGHQFH RI KIH KIC-H DQG KIC DVVHVVPHQW RI K\GURJHQ
HPEULWWOHPHQW FUDFNLQJ RI ¶V VWHHO LV VKRZQ LQ )LJ  ZKLFK FRQVLGHUV WKH FRPELQLQJ HIIHFW RI WHPSHU
HPEULWWOHPHQWDQGK\GURJHQHPEULWWOHPHQW,QUHJLRQ,WKHUHLVDSRVVLELOLW\RIFULWLFDOIODZJURZWKE\ERWKK\GURJHQ
HIIHFWDQGORZWHPSHUDWXUHHIIHFW,QUHJLRQ,,WKHUHLVDSRVVLELOLW\WRIDVWIUDFWXUHGXHWRWKHFRPELQLQJHIIHFWRI
WHPSHUHPEULWWOHPHQWDQGK\GURJHQHPEULWWOHPHQW,QUHJLRQ,,,WKHUHLVDSRVVLELOLW\RIVORZK\GURJHQIODZJURZWK
,QWKLVUHJLRQFUDFNJURZWKDQDO\VLVPLJKWEHDYDLODEOHXVLQJKYHUVXVda/dtFXUYHDQGIUDFWXUHUHVLVWDQFHFXUYH5
FXUYHRIK\GURJHQFKDUJHGPDWHULDO,QUHJLRQ,9WKHUHLVDVPDOOSRVVLELOLW\RIK\GURJHQFUDFNJURZWK>@7KH
UHFHQW VWHHO GLG QRW H[KLELW DQ\ IDVW IUDFWXUH SKHQRPHQRQ DERYH URRP WHPSHUDWXUH KIH  03DĜP DQGKIH
LQFUHDVHGDWR&%DVHGRQWKHFRQVHUYDWLYHGDWDLQ)LJWKHHTXDWLRQIRUHYDOXDWLQJWHPSHUDWXUHGHSHQGHQFHRI
KIHIRU¶VVWHHOFDQEHH[SUHVVHGDVIROORZV>@
         oIHK exp . T . MP m , C  ª º¬ ¼   
)LJXUHDQG)LJVKRZVWKHUHODWLRQVKLSEHWZHHQFUDFNJURZWKUDWHda/dtDQGDSSOLHGVWUHVVLQWHQVLW\IDFWRUK
7KHFUDFNJURZWKUDWHLQEHWZHHQKIHDQGKIC-HVKRZVSODWHDXFKDUDFWHULVWLFVLQUHODWLRQVKLSEHWZHHQda/dtDQGK
7KHFUDFNJURZWKUDWHWHQGWRLQFUHDVHZLWKLQFUHDVLQJORDGLQJUDWHIRUERWKVWHHO7KHWUHQGHTXDWLRQVIRUda/dtDUH
FRQVWUXFWHGWDNLQJWKRVHVWURQJGHSHQGHQFHVRQORDGLQJUDWHdK/dtDQGKLQWRFRQVLGHUDWLRQ>@
)RUUHFHQWVWHHO
       n . . . log K
RT
da CK . E K K
dt
    u    
)RU¶VVWHHO
      n . . . log K
RT
da CK . K K
dt
  u    
:KHUHKIH<K<KIC-HdK/dt ̚03D¥PVZKHUHda/dtLQPPVKLQ03D¥PdK/dtLQ03D¥PV
)LJXUHVKRZVFUDFNJURZWKFXUYHVRI¶VVWHHOREWDLQHGDWHOHYDWHGWHPSHUDWXUHZKLFKZDVWHVWHGE\VORZHVW
ULVLQJORDGWHVWFRQGLWLRQdK/dt 03DĜPV)URPWKLVILJXUHLWFDQEHUHFRJQL]HGWKDWWKHFUDFNJURZWK
UDWHGHFUHDVHZLWK LQFUHDVLQJ WHPSHUDWXUHDQG WKRVHDWHOHYDWHG WHPSHUDWXUHDOVRVKRZHGSODWHDXFKDUDFWHULVWLFV LQ
UHODWLRQVKLSEHWZHHQda/dtDQGK7KHDYHUDJHFUDFNJURZWKUDWHVLQSODWHDXUHJLRQDUHSORWWHGDJDLQVWWKHUHFLSURFDO
RI WHVW WHPSHUDWXUH LQ )LJ  6LQFH LW VKRZV OLQHDU WHPSHUDWXUH GHSHQGHQFH IRU 1/T WKH FUDFN JURZWK UDWH DW
WHPSHUDWXUHT R&FDQEHH[SUHVVHGE\UHIHUULQJURRPWHPSHUDWXUH¶Vda/dt LQD IROORZLQJHTXDWLRQE\FRQVHUYDWLYH
LQFUHPHQWRIda/dt1/TSORWV
    o
o
T C RT
da da exp mm s , C
dt dt T
­ ½§ · u u ® ¾¨ ¸© ¹¯ ¿
  
DVVXPLQJWKDWWKHVWUDLQUDWHGHSHQGHQFHRIda/dtDWWHPSHUDWXUHTR&LVWKHVDPHDVWKHRQHDWURRPWHPSHUDWXUHWKH
FRPELQHGHIIHFWRIVWUDLQUDWHDQGWHPSHUDWXUHFDQEHXQLILHGLQWKHDERYHHTXDWLRQE\VXEVWLWXWLQJ(TWR(T
DQGWKRVHDQDO\]HGYDOXHREWDLQHGZHUHSORWWHGDOWRJHWKHULQ)LJ>@
7DEOH&KHPLFDOFRPSRVLWLRQRI&U0REDVHPHWDOPDVV>@



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7DEOH0DWHULDOSURSHUWLHVRI&U0REDVHPHWDO>@



)LJ7KHWHQWDWLYHGUDZLQJVRIWKHWHPSHUDWXUHGHSHQGHQFHRIKIHKIC-HKICDVVHVVPHQWRIK\GURJHQHPEULWWOHPHQWFUDFNLQJRI¶VVWHHO>@

  
 )LJ5LVLQJORDGUDWHHIIHFWRQFUDFNJURZWKUDWHRQUHFHQWVWHHO>@ )LJ5LVLQJORDGUDWHHIIHFWRQFUDFNJURZWKUDWHRQ¶VVWHHO>@
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  
)LJ&UDFNJURZWKUDWHVDWHOHYDWHGWHPSHUDWXUH>@ )LJ7HPSHUDWXUHGHSHQGHQFHRIDYHUDJHFUDFN
JURZWKUDWHDWGLIIHUHQWULVLQJORDGUDWHIRU¶VVWHHO>@
3UHGLFWLRQRIUHPDLQLQJOLIHE\K\GURJHQDVVLVWHGFUDFNLQJRI&U0RVWHHOKHDY\ZDOO
K\GURSURFHVVLQJUHDFWRUV
7KHUHPDLQLQJOLIHZKHUHWKHLQLWLDOIODZVL]HV(a0, c0)IRXQGDWWKHWLPHRIWKHLQVSHFWLRQFRQWLQXHWRLQFUHPHQW
WKHLU GLPHQVLRQV XQWLO WKH FDOFXODWHG )$' DVVHVVPHQW SRLQW LV RQ LWV HQYHORSH LV HVWDEOLVKHG SHUIRUPLQJ WKH
IROORZLQJFUDFNJURZWKDQDO\VLVE\K\GURJHQDVVLVWHGFUDFNLQJ7KHDQDO\VLVLQYROYHVWKHQXPHULFDOLQWHJUDWLRQRI
WKHFUDFNJURZWKUDWHPRGHOUHSUHVHQWHGE\(TVWKURXJK

D 67(3±&RPSXWHWKHVWUHVVDWWKHIODZEDVHGRQWKHIXWXUHRSHUDWLQJFRQGLWLRQV,QWKHVHFDOFXODWLRQVDOO
UHOHYDQWRSHUDWLQJFRQGLWLRQVLQFOXGLQJQRUPDORSHUDWLRQVWDUWXSXSVHWDQGVKXWGRZQDUHFRQVLGHUHG
E 67(3±'HWHUPLQHDQLQFUHPHQWLQFUDFNJURZWKEDVHGRQWKHSUHYLRXVIODZVL]HWRLQLWLDOL]HWKHSURFHVV
WKHSUHYLRXVIODZVL]H LV WKH LQLWLDO IODZVL]H VWUHVVHVWLPDWHGVWUHVV LQWHQVLW\DQG WKHFUDFNJURZWKUDWH
PRGHO)RUVXUIDFHDQGHPEHGGHGIODZVWKHLQFUHPHQWRIFUDFNJURZWKZLOOKDYHDFRPSRQHQWLQWKHGHSWK
DQGOHQJWKGLPHQVLRQ)RUHPEHGGHGIODZVWKHLQFUHPHQWRIFUDFNJURZWKPD\DOVRLQFOXGHDFRPSRQHQWWR
PRGHOWKHIODZORFDWLRQLQWKHZDOOWKLFNQHVVGLUHFWLRQ7KHLQFUHPHQWRIFUDFNJURZWKLVHVWDEOLVKHGEDVHG
RQ WKHDSSOLHGVWUHVV LQWHQVLW\DVVRFLDWHGZLWK WKHFRPSRQHQWRI WKHFUDFNDQG WKHFUDFNJURZWKHTXDWLRQ
)RU H[DPSOH LI D VXUIDFH IODZ LV EHLQJ HYDOXDWHG WKH FUDFN GHSWK LV LQFUHPHQWHG EDVHG RQ WKH VWUHVV
LQWHQVLW\IDFWRUDWWKHGHHSHVWSRUWLRQRIWKHFUDFNDQGWKHOHQJWKLVLQFUHPHQWHGEDVHGRQWKHVWUHVVLQWHQVLW\
IDFWRUDWWKHVXUIDFH7KHIODZVL]HWREHXVHGLQWKHQH[WVWHSLVWKHSUHYLRXVIODZVL]HSOXVWKHLQFUHPHQWRI
FUDFNJURZWK

7KHFUDFNJURZWKHTXDWLRQVDUHH[SUHVVHGDVIROORZV7KHFUDFNJURZWKUDWHHTXDWLRQVE\VXEVWLWXWLQJ(T
IRUUHFHQWVWHHORUHTXDWLRQIRU¶VVWHHOWR(TDUHVKRZQDVIROORZV>@
)RUWKHFUDFNJURZWKUDWHDWWKHGHHSHVWSRUWLRQ
1458   A. Yasutomi et al. /  Procedia Engineering  130 ( 2015 )  1441 – 1459 
     
n
I
da C K exp
dt T
I S ­ ½§ · u u ® ¾¨ ¸© ¹¯ ¿
  
)RUWKHFUDFNJURZWKUDWHDWWKHVXUIDFH
     
n
I
dc C K exp
dt T
I ­ ½§ · u u ® ¾¨ ¸© ¹¯ ¿
  
ZKHUH WKHPDWHULDO SDUDPHWHUVRI FUDFNJURZWK UDWHPRGHO E\K\GURJHQ DVVLVWHG FUDFNLQJC DQGn DUH VKRZQ DV
IROORZV
)RUUHFHQWVWHHO>@
    .C . E K      
   n . . log K     
)RU¶VVWHHO>@
   .C . K    
   n . . log K     
7KHFUDFNGHSWKLQFUHPHQWǻaDQGKDOIOHQJWKLQFUHPHQWǻcIRUWLPHLQFUHPHQWtDUHGHILQHGDVIROORZV
UHVSHFWLYHO\
 a da dt t' '    
 c dc dt t' '    
7KHFXUUHQWFUDFNVL]HLVGHILQHGDVIROORZV
a a a'   IRUWKHFUDFNGHSWK 
 l c c'   IRUWKHFUDFNVXUIDFH 
ZKHUHda/dtDQGdc/dtLQPPVKI¶=±/2DQGKI¶=0LQ03D¥P K LQ03D¥PVtLQVDQGaacDQGcLQ
PP
F 67(3  ±'HPRQVWUDWH WKDW IRU WKH FXUUHQW FUDFN VL]H WKH DSSOLHG VWUHVV LQWHQVLW\ IDFWRU LV OHVV WKDQ WKH
FULWLFDOVWUHVVLQWHQVLW\IDFWRU.,&+,IWKHDVVHVVPHQWSRLQWIRUWKHFXUUHQWIODZVL]HLVRXWVLGHRIWKH)$'
RUWKHFUDFNLVUHFDWHJRUL]HGDVDWKURXJKZDOOFUDFNWKHQJRWRWKHQH[WVWHSRWKHUZLVHJRWR6WHSDQG
FRQWLQXHWRJURZWKHFUDFN
G 67(3±'HWHUPLQHWKHWLPHRIIRUWKHFXUUHQWFUDFNVL]HWRUHDFKWKHFULWLFDOIODZVL]H7KHFRPSRQHQWLV
DFFHSWDEOHIRUFRQWLQXHGRSHUDWLRQSURYLGHG
 7KH WLPH WR UHDFK WKHFULWLFDO IODZVL]H LQFOXGLQJDVDSSURSULDWH LQVHUYLFHPDUJLQ LVPRUH WKDQ WKH
UHTXLUHGRSHUDWLQJSHULRG
 7KHFUDFNJURZWKLVPRQLWRUHGGXULQJVKXWGRZQE\DYDOLGDWHGWHFKQLTXH
 7KHREVHUYHGFUDFNJURZWKUDWHLVEHORZWKHYDOXHXVHGLQWKHUHPDLQLQJOLIHSUHGLFWLRQDVGHWHUPLQHG
E\DQLQVSHFWLRQVGXULQJVKXWGRZQV
 8SVHWFRQGLWLRQVLQORDGLQJRUHQYLURQPHQWDOVHYHULW\DUHDYRLGDEOH
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 ,IWKHGHSWKRIWKHOLPLWLQJIODZVL]HLVUHFDWHJRUL]HGDVDWKURXJKZDOOWKLFNQHVVFUDFNWKHFRQGLWLRQV
IRUDQDFFHSWDEOHOHDNEHIRUHEUHDN/%%FULWHULRQVKRXOGEHVDWLVILHG
H 67(3  ± $W WKH QH[W LQVSHFWLRQ HVWDEOLVK WKH DFWXDO FUDFN JURZWK UDWH DQG UHHYDOXDWH WKH QHZ IODZ
FRQGLWLRQV SHU SURFHGXUHV RI WKLV SDUDJUDSK $OWHUQDWLYHO\ UHSDLU RU UHSODFH WKH FRPSRQHQW RU DSSO\
HIIHFWLYHPLWLJDWLRQPHDVXUHV
6XPPDU\
7KLVSDSHURXWOLQHGWKH))6E\+3,6=/HYHODQG=/HYHODVVHVVPHQWVDQGWKHVWXGLHVRIPDWHULDO
GHJUDGDWLRQRIWKHK\GURSURFHVVLQJUHDFWRUZKLFKKDGEHHQLQVHUYLFHIRU\HDUVVLQFHDQGUHSODFHGEHFDXVH
RIWKHGHWHFWLRQVRIFUDFNOLNHIODZVLQWKH,6,7KHLUUHVXOWVZHUHQRWDFFHSWDEOHIRUWKHFRQWLQXHGRSHUDWLRQGXHWR
WKH IODZ DVVRFLDWHGZLWK K\GURJHQ DVVLVWHG FUDFN JURZWK LQ &U0R VWHHO JLUWKZHOGPHQW UDLVLQJ WKHPDWHULDO
GHJUDGDWLRQFKDUDFWHUVE\WHPSHUHPEULWWOHPHQWDQGK\GURJHQHPEULWWOHPHQW
%DVHG RQ WKHVH DQDO\VHV 7KH -6: GHYHORSHG WKH ))6 DVVHVVPHQW SURFHGXUH RI &U0R VWHHO KHDY\ZDOO
K\GURSURFHVVLQJUHDFWRUVGHULYHGE\WKHIROORZLQJPDWHULDOSURSHUWLHVRIK\GURJHQHPEULWWOHPHQWFUDFNLQJVWXGLHG
RQ¶VVWHHO
x 7KUHVKROGIUDFWXUHWRXJKQHVVIRUK\GURJHQHQYLURQPHQWKIHDSSOLHGWRWKHMXGJHPHQWRIFUDFNSURSDJDWLRQ
x )UDFWXUH WRXJKQHVV PHDVXUHG LQ WKH K\GURJHQ FKDUJLQJ HQYLURQPHQW KIC-H DSSOLHG WR WKH GHWHUPLQDWLRQ RI
OLPLWLQJIODZVL]HXVLQJ)$'
x ,QVHUYLFHFUDFNJURZWKUHSUHVHQWHGE\K\GURJHQDVVLVWHGFUDFNLQJUDWHPRGHOda/dtDQGRUdc/dtDSSOLHGWRWKH
SUHGLFWLRQRIDPRXQWRIIODZJURZWKDQGUHPDLQLQJOLIHRIUHDFWRU
7KLVSURFHGXUH UHFRPPHQGVQRWRQO\ZKHWKHU WKH UHSDLURIGDPDJHDQGRUUHPHGLDWHRU WKH UHSODFHRI&U
0R VWHHO KHDY\ZDOO K\GURSURFHVVLQJ UHDFWRUV FRQWDLQLQJ FUDFNOLNH IODZV LV QHFHVVDU\ EXW DOVR WKH DSSURSULDWH
LQVSHFWLRQ LQWHUYDO LQFRQMXQFWLRQZLWK WKHDSSOLFDEOH LQVHUYLFH LQVSHFWLRQFRGHSURYLGLQJ LQIRUPDWLRQIRU WKH LQ
VHUYLFHPRQLWRULQJSODQ
$VWKHHVWLPDWHRIPDWHULDOGHJUDGDWLRQVWXGLHGRQROGJHQHUDWLRQVWHHOVZDVVKHOYHGLQWKH))6&RGHVVXFKDV
+3,6=DQG$3,$60())6WKLVSURFHGXUHKDVEHHQSURSRVHGIRU/HYHODVVHVVPHQW
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